Introduction
With the recent completion of human genome sequencing, the research trend in relevant fields is shifting from the mere accumulation of data to in-depth scrutinization of biomolecular interactions on a large scale. Research fields of functional genomics or proteomics were coined and boosted from this paradigm shift. 1, 2 For the research area regarding bioanalytical techniques, especially biosensors, a similar trend has been observed. As a tool for a functional study of biological interactions, such as protein-protein, protein-ligand, antigenantibody, and nucleic acids, affinity biosensors now possess a significant portion of the field. Many efforts have been made to develop biospecific affinity sensors and immunosensors. 3, 4 Furthermore, the field of affinity biosensors continues to progress in connection with microfabrication technologies. With the advent of LOC (Lab-on-a-chip) and µ-TAS (total analysis system) technology, the integration of bioanalytical science with microfabrication technology is of great interest. [5] [6] [7] The research and development of miniature biospecific affinity biosensors are in a stage of expansion, and there is an increasing need for efficient detection methods for a variety of biochemical species. Of the signal transduction techniques in use, such as electrochemical, optical, piezoelectric, etc., amperometric signaling has frequently been chosen for the ease of the direct application of microelectronics, which is important for sensor miniaturization and automation. 8, 9 Other important issues for platform technology in immunoassay include the capabilities of parallel sensing, the detection of low-abundance proteins through signal amplification, and minimum handling intervention.
We previously investigated a signaling strategy for affinity sensors that converts the interactions of biotin-(strept)avidin and biotin-antibiotin antibody into electrochemical currents. 10 A voltammetric method, tracking the biospecific association of target analytes through the immunoprecipitation reaction by the label enzyme, was used for signal registration.
In this paper, we present immunosensing results with microfabricated biosensors based on the immunoprecipitation and electrochemical signaling reactions. The microfabricated biosensor contained two types of working electrode geometries, rectangular (100 µm × 500 µm) and circular (r. 50 µm) gold electrodes, which showed electrochemical characteristics of bulk and microelectrodes, respectively. A comparison between the two types of immunosensing electrodes in terms of the signal sensitivity and operational capability was made.
Ferritin was used as the recognition antigen, which was functionalized on the immunosensing surface, and anti-ferritin antibody was the target protein in applied antiserum samples. Ferritin was selected for its diagnostic importance in human diseases, such as ferropenic anemia, hepatocellular carcinoma, and various tumors (as a general marker and cancer recurrence marker), 11, 12 as well as the unique molecular shape, exposing twelve identical binding sites for easy surface immobilization and biorecognition reactions. A signal registration strategy from micropatterned immunosensors that converts antigen-antibody binding reactions into electrochemical signals was demonstrated. An array-type micropatterned gold electrode on a silicon wafer was fabricated, containing two electrode geometries of rectangular (100 µm × 500 µm) and circular (r. 50 µm) types, exhibiting electrochemical characteristics of bulk and micro-electrodes, respectively. Ferritin was employed as a model analyte for immunosensing because it has an advantageous molecular structure for functionalization to the sensing interface, and is regarded as a general marker protein for tumors and cancer recurrence. With the fabricated and ferritinfunctionalized immunosensors, biospecific interactions were performed with antiferritin antiserum and secondary antibody samples, followed by electrochemical signaling via an immunoprecipitation reaction by the label enzyme. Under the optimized affinity-surface construction steps and reaction conditions, both types of microfabricated electrodes exhibited well-defined calibration results as a function of the protein concentration in antiserum samples. Furthermore, circular-type micropatterned immunoelectrodes exhibited voltammetric characteristics of microelectrodes, which is advantageous in terms of sensor operation under a fixed potential and low signal drift during the signaling reaction compared with the bulk-type electrodes. The results support that the employed signaling method with the proposed immunosensor configuration is fit for sensor miniaturization and integration to future biomicrosystems. 
Experimental

Reagents and instrumentation
An amine-terminated poly(amidoamine) dendrimer (G4), manufactured by Dendritech, was purchased from Aldrich. Ferrocene methanol and hydrogen peroxide were purchased from Aldrich and used as received. 3,3-Dithiopropionic acid bis-N-hydroxysulfosuccinimide ester (DTSSP) was obtained from Pierce.
3,3-Dithiopropionic acid bis-Nhydroxysuccinimide ester (DTSP), 4-chloro-1-naphtol (4-CN), and 3-amino-9-ethylcarbazole (AEC) were purchased from Sigma. Horse spleen ferritin (cationized, functionalized with dimethyl-propanediamine), anti-horse ferritin rabbit whole antiserum, and anti-rabbit IgG-horseradish peroxidase (HRP) conjugate (developed in goat) were from Sigma, and were used without further purification (Note: Antigen derived from human was not used because of limited availability). All other materials used were of the highest quality available, and were purchased from regular sources. For solutions, doubly distilled and deionized water with a specific resistance of over 18 MΩ cm was used throughout the study.
Cyclic voltammetric measurements were carried out with a potentiostat/galvanostat (Model 660A, CHI instruments) connected to a laptop computer. A standard three-electrode configuration with the microfabricated gold thin-film working electrode, a platinum gauze counter electrode, and an external Ag/AgCl (3 M NaCl, BAS) reference electrode was used throughout the study.
Procedure for the biosensor construction
Base micropatterned electrodes were fabricated on a 5-inch (dia.) silicon [100] wafer. With the standard photolithographic processes, electrode patterns consisting two types of electrode geometries and electrical contacts were generated. Rectangular gold/titanum electrodes having the size of 100 µm × 500 µm and circular electrodes with 50-µm radius were fabricated. Only the working-electrode areas were exposed, whereas the electrical contacts and interconnecting lines were insulated with a SiO2 layer. A magnified view of the resulting microfabricated electrode is shown in Fig. 2 
(vide infra).
With the prepared base electrode, an affinity sensing surface was constructed. A schematic representation of the procedure for bottom-up layering and biochemical functionalization is as shown in Fig. 1 . Prior to the layering process, base electrodes were briefly cleaned using a piranha solution (1:4 by volume of 30% H2O2 and concentrated H2SO4, 30 s). Caution: piranha solution reacts violently with most organics, and must be handled with extreme care. After cleaning, a DTSP selfassembled monolayer (SAM) was constructed on micropatterned gold electrodes that were exposed on the sensor surface to render the surface amine-reactive. A DTSP SAM was prepared by applying 5 mM DTSP (in DMSO) to the electrode for 1 h. After SAM formation and rinsing steps with DMSO and ethanol, the resulting surface was modified with the amine-terminated poly(amidoamine) dendrimer. A diluted ethanolic solution of dendrimer (1% w/w) was reacted for 1 h with the DTSP-SAM activated surfaces. Then, the dendrimermodified surfaces further underwent the ferritin antigen functionalization step. As a crosslinking reagent between amine groups from dendrimers and cationized ferritin molecules, DTSSP was employed. The ferritin functionalization step was performed in either the sequential reaction mode, separating the DTSSP activation and ferritin immobilization, or the simple mixed reaction mode. For a sequential reaction, the sensor surface was reacted with a 5 mM DTSSP aqueous solution for 1 h, rinsed thoroughly, and incubated with a 0.5 mg/mL cationized ferritin solution in a phosphate buffered saline (PBS, pH 7.4, 10 mM phosphate, 2.7 mM KCl, and 138 mM NaCl containing 0.05% (v/v) Tween 20) for 1 h. For a comparison, surface activation and antigen immobilization reactions were performed simultaneously under the same condition in the simple mixed reaction mode. The resulting surfaces were rinsed and stored in a phosphate buffered saline solution for affinity biosensing.
Antiferritin affinity sensing procedure
Anti-ferritin whole antiserum from rabbit was used as an analyte sample, and anti-rabbit IgG-horseradish peroxidase (HRP) conjugate, which was developed in goat, was employed for an enzyme-catalyzed signaling reaction. After biosensor assembly, biospecific affinity reactions were proceeded, consisting of target antibody recognition to the surface functionalized antigen, and further binding of the secondary antibody-enzyme conjugate. The proposed reactions that can take place at the biosensor surface are schematically summarized in Fig. 1 (right panel) . For the target antibody recognition reaction, aliquots (100 µL) of antiserum samples of predetermined protein concentrations ranging from 10 -11 to 10 -2 g/mL were prepared in PBST, and incubated at the electrodes for 30 min at room temperature (22 ± 2˚C). Then, the biospecific binding of a secondary antibody-HRP conjugate (100 µL, 50 µg/mL) to the primary antibody was performed for 30 min. After the reaction, the resulting surface, having a secondary IgG-HRP/primary IgG/ferritin antigen association laminate, was subjected to a signal generation/measurement step. For signal generation, an HRP-catalyzed precipitate formation reaction was performed, and the reaction couples of HRP with 4-CN or AEC were used. A solution of ethanolic 4-CN and AEC was initially prepared to a concentration of 50 mM. Fifty microliters aliquot of the prepared solution and 30% hydrogen peroxide were added to 1 mL of a PBS solution briefly before the precipitation reaction. Then, the sensor surface was subjected to a signal generation reaction by incubating with the analysis mixture for 10 min.
Cyclic voltammetric measurements were performed either in 0.1 M phosphate buffer, pH 7.0, as the background electrolyte or in a buffer solution containing 0.1 mM ferrocene methanol for signal registration. The background-subtracted voltammograms were saved, and the difference in voltammograms before and after the precipitation reaction was registered as a sensor signal. All electrochemical experiments were performed at room temperature under ambient condition.
Results and Discussion
Construction of an affinity sensing interface on a poly(amidoamine) dendrimer functionalized gold surface
A key issue in this work involved the construction of a versatile base platform for an immunosensing surface that is widely compatible with microfabricated biosensors. As a model immunosensing surface with a microfabricated device, we investigated the functionalization of protein antigen (ferritin) to the poly(amidoamine) dendrimer-modified surface and the subsequent biospecific interaction with anti-ferritin antibody in antiserum. As shown in Fig. 1 , micropatterned gold electrodes were functionalized by ferritin antigen with dendrimer-activated SAM as the base template.
A fourth-generation (G4) poly(amidoamine) dendrimer was used for surface activation,
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ANALYTICAL SCIENCES SEPTEMBER 2004, VOL. 20 because the modified surface fulfilled two important requisites for electrochemical immunosensing: presenting a friendly environment for biofunctionalization (e.g. reactive functional groups, immobilization density) and maintaining the permeable structure for efficient electrochemical signal registration.
Regarding the first issue, we have reported that a dendrimeractivated surface led to a higher association level of protein than other polyamine layers (poly-lysine and poly-allylamine) and amine-presenting SAMs, resulting in above 80% surface coverage by protein molecules. 14 This is likely to originate from the structural feature of the dendrimer monolayer, such as the surface-exposure of reactive functional groups and a corrugated surface. In recent years, the merits of the dendrimer-assisted interface, such as high density of immobilized biomolecules and consequent high binding capacity, have broaden the implementation of dendrimer as an interfacing molecule for DNA, protein, and antibody microarrays/biosensors. [15] [16] [17] [18] Next, for efficient signaling from the immunosensor, an antigenmodified surface should exhibit high permeability, so that the signal tracer (ferrocene methanol in this work) readily penetrates through the modified sensing interface to the gold electrode for electrochemical redox reactions. If the surface permeability was to be significantly hindered form surface activation and antigen immobilization, as is usually the case with mixed ankanethiol SAM-modified surfaces, the detection range of the biosensor would narrow down significantly. With the G4 poly(amidoamine) dendrimer-assisted surface, however, the surface still maintained high permeability based on electrochemical tests, supporting its advantage as a base template for affinity surface construction. With the dendrimer of higher generation (G5), in comparison, the modified surface was found not to be permeable to ferrocene molecules, because the molecular surface is too crowded with functional amine groups. Also, with lower generation dendrimers (G1, G2), modified surfaces exhibited essentially the same characteristics as the alkanethiol SAM-modified surfaces (data not shown). With a micropatterned electrode onto which the dendrimeractivated SAM was functionalized, antigen protein was immobilized by using crosslinking methods. In addition to the diagnostic importance, ferritin was selected as the model antigen from the unique molecular shape, presenting twelve identical binding sites for antiferrtin antibodies; thus, easy surface immobilization and biorecognition reactions were possible. This multivalency enables the biorecognitive reaction under less strict condition in terms of molecular orientation, which is crucial for affinity recognition reactions at solid surfaces. As a crosslinking reagent between amine groups from dendrimers and cationized ferritin molecules, DTSSP was employed. The crosslinking reagent, having an extra ionizable sulfonate group added to DTSP, is readily soluble in aqueous solution, and lends the reaction to be performed under favorable conditions without using organic solvents.
The ferritin functionalization step was conducted in either the sequential reaction mode, separating the DTSSP activation and ferritin immobilization, or the simple mixed reaction mode of combining the reactions simultaneously. Figure 1 summarizes the sequential reaction mode. It is anticipated that the asset for the sequential reaction mode is the formation of an organized surface sensing layer, whereas the functionalization yield would not be satisfactory. The functional group presented after the DTSSP activation step is hydroxysulfosuccinimide esters that are steadily hydrolyzed in the reaction buffer. Therefore, the stability of activated esters is an issue to accomplish a satisfactory reaction with ferritin antigen. For a comparison, these two reaction steps, including activation and immobilization, were conducted at the same time in the simple mixed reaction mode. In this mode, the longevity of activated esters is not the question, but the formation of protein aggregates at the electrode surface by the crosslinking reaction would be problematic. These concerns will be addressed based on the following electrochemical signaling experiments.
Biocatalyzed precipitation reaction and electrochemical signaling with the microfabricated biosensors
Micropatterned electrodes were fabricated with conventional photolithographic techniques. Essentially, base substrates for the affinity sensing monolayers were thin-film gold surfaces (150 nm) onto titanum(40 nm)-primed silicon wafers. Two types of electrode geometry were designed and fabricated, including rectangular (100 µm × 500 µm) and circular (r. 50 µm) immunoelectrodes. The fabricated immunosensor chip surface is as shown in Fig. 2 . With the electrodes, surface functionalization and immunoassay for ferritin were performed. The procedure for the affinity-sensing interface construction is described in the previous section. The employed immunoassay reaction with the micropatterned electrodes was an enzymecatalyzed immunoprecipitation that is conventionally used for the visualization of histochemical samples, 19 and has been 1251 ANALYTICAL SCIENCES SEPTEMBER 2004, VOL. 20 modified and adopted for electrochemical biosensing by our group. 10 With the current assay system based on the immunoprecipitation reaction, detection of the experimental results by visual observation as well as the proposed electrochemical signaling was possible. The color change at the exposed electrode surface upon an immunoprecipitation reaction was discernible with the naked eyes; photographs representing the result are shown in Fig. 2 . Magnified views of an array-micropatterned immunosensors chip were taken before and after a biospecific recognition reaction, followed by signal generation. From the changes in color and surface texture in photographs of micropatterned electrodes and bare gold surfaces (Fig. 2, bottom) , it was evident that the immunosensing reactions took place efficiently at the exposed sensing surface.
To transduce the affinity recognition reaction into a highly quantifiable signal, electrochemical biosensing with the microfabricated electrodes was performed. With the ferritinfunctionalized microfabricated immunosensors, we conducted electrochemical immunoassays for anti-ferritin antiserum. The cyclic voltammetric method was chosen for signal registration, tracking the precipitation of insoluble products onto the sensing surface and subsequent attenuation of the redox current due to a reduction in the effective electrode area (Fig. 3) . Precipitation of insolubilities was induced by the catalytic reaction of label enzymes, which were labeled to the biospecifically attached secondary antibody molecules. Typical cyclic voltammetric traces for the electrochemical immunoassays are shown in Fig.  3 . Panel (A) represents the signaling result for ferritin in case the antigen surface was a ferritin monolayer that was functionalized by using the sequential reaction, separating the DTSSP activation and ferritin binding reactions. Before the precipitation reaction, the electrode exhibited a typical cyclic voltammogram for ferrocene methanol in electrolyte, having redox peak potentials at +260 (anodic) and +175 mV (cathodic) versus Ag/AgCl with a peak separation of ca. 85 mV. After completion of the signaling reaction based on the precipitation reaction, a voltammogram exhibiting significantly decreased redox peak currents was registered, showing that the ferritin immunosensing worked efficiently (Fig. 3A) . The fully attenuated signal was from an experiment with an extreme protein concentration in antiserum (1 mg/mL, whole protein). Therefore, by varying the target protein concentration in applied samples, voltammograms showing an inverse proportionality to the concentration could be acquired. Next, the voltammograms in Fig. 3B represent the signaling result for antiferritin when the DTSSP activation and ferritin binding reactions were conducted simultaneously, resulting in the crosslinked ferritin antigen layer. It was observed that the crosslinked antigen-associated surface yielded the correct sensor signal, but the signal attenuation was not perfect compared with Fig. 3A . This shows that the effective density of the surface exposed antigen is sufficient in the sequential reaction mode, even though the binding capacity for the ferritin antigen is higher in the mixed reaction mode. Also, the formation of a crosslinked layer at the interface resulted in an increase in the charging current and the apparent current level.
In addition, the signaling result was dependent on the precipitation reagent used. For the experiments in Figs. 3A and 3B, 4-CN was used as the precipitating substrate for label enzyme catalysis.
When AEC was used instead, the electrochemical signal was found to be not well developed (Fig.  3C) , whereas the precipitation reaction took place correctly and was observable by a color change in red at the sensor surface under the same condition. From the result, AEC was regarded to be not adequate for electrochemical immunosensing, because it did not make a firm insulating film on the electrode surface compared with 4-CN.
Electrochemical affinity sensing for antiferritin in serum samples
To evaluate the analytical performance of fabricated immunosensors, sensor signaling tests were conducted for the antiferritin antibody using antiserum samples. As shown in Fig.  4 , sensor signals were registered at different target protein concentrations in antiferritin antiserum for each type of immunosensor with different electrode geometries. Electrochemical signals were collected from the backgroundsubtracted cyclic voltammograms. Under the same operation condition as in Fig. 3 , both types of microfabricated immunosensors exhibited cyclic voltammograms with diminishing peak heights in correlation to the concentration of the applied target protein in serum samples. From the result, it should be noted that the circular-type (r. 50 µm) electrode exhibited sigmoidal cyclic voltammograms, which is a typical characteristic of microelectrode (Fig. 4B) . Meanwhile, the resulting voltammograms from the rectangular-type electrodes gradually changed from the feature of bulk electrodes into that of microelectrodes as the degree of precipitation, the activity of specifically bound enzyme in other words, increased (Fig. 4A) . Therefore, for the signal registration from the rectangular-type bulk electrode, currents were sampled at each peak potential from respective voltammograms.
For the circular-type microelectrode, however, the current levels were not changed significantly, and could be sampled at a fixed potential (+375 mV vs. Ag/AgCl). Thus, the circular-type microelectrode is advantageous for sensor operation than the bulk type, due to the small current change with an unexpected potential drift. With the sampled and registered sensor signals under the triplicate batch experiments, calibration curves for each immunosensor were made as a function of the applied protein concentration in anti-ferritin antiserum samples (Fig. 5) . From the tests, calibration curves showing an inverse proportionality to the applied protein concentrations were obtained. Both types of immunosensors produced satisfactory calibration curves with a similar dynamic detection range for the applied protein concentration from 0.1 µg/mL to 1 mg/mL, but with different signal levels in proportion to the electrode surface area. For the circular-type microelectrodes (Fig. 5B) , the signal magnitudes of only several nanoamperes were registered, but the precision of detection was within an acceptable level for the tested biosensors from three fabrication batches.
Conclusions
We have developed a microfabricated biosensing device for an antiferritin immunoassay. Two important advancements were made in this work. One was that the immunosensing was conducted with a microfabricated electrode, confirming the applicability of the developed sensing method to microscale biosensors. The immunosensing method based on the electrochemical signal detection by adopting immunoprecipitation reaction is accurate, sensitive, and convenient for implementing into microdevices. The other achievement is that the developed immunosensor was used for analyses with a serum sample, exemplifying the diagnostic applicability of the current signaling method for the transduction of biological interactions in clinical laboratories and point-of-care-testing sites. 
